Several cell adhesion molecules involved in neuron-neuron and neuron-glia interactions have been identified in our laboratory and have been shown to undergo cell surface modulation.
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In the case of the neural cell adhesion molecule (N-CAM), it has been found that during development the molecule is converted from a microheterogeneous embryonic (E) form containing 30 gm of sialic acid/100 gm of polypeptide to several distinct adult (A) forms containing one third as much of this sugar. In vitro analyses indicate that this change is accompanied by a 4-fold increase in the rate of N-CAM homophilic binding. In the present study of the mouse and the chick, alterations of N-CAMS occurring as a result of E-+A conversion, prevalence modulation, and changes in antigenic state during the development of different neural regions were analyzed by the use of highly specific polyclonal and monoclonal antibodies combined with anatomical dissection and several new quantitative assays. We made the following observations.
(1) The relative concentration of N-CAM changed during development, with the highest concentration (2.8 times the adult level) occurring around the perinatal period. Each brain region followed a similar pattern of change but according to a different time schedule. (2) While conversion from the E to the A forms of N-CAM occurred mainly during the first 3 postnatal weeks in mice, the relative conversion rates were distinctly different in various neural tissues. The extreme examples are dorsal root ganglia, which already displayed the A forms at birth, and the diencephalon and tectal region, which still retained some E forms in the adult. (3) A cephalocaudal maturation gradient of E-A conversion was observed in the spinal cord and dorsal root ganglia. (4) Differences in the antigenic determinants of N-CAMS from different neural tissues were detected by two independent monoclonal antibodies. (5) Finally, in some adult neural tissues, one of the three A forms was found to be dominant.
These results establish that during development there are definite quantitative and qualitative differences among N-CAMS from various neural tissues. The data are consistent with the hypothesis that alterations in the relative amounts and forms of N-CAM play major roles in neural morphogenesis, possibly by altering the rates of adhesion among neurons and their processes.
Previous studies in this laboratory
have led to the identification of a series of cell adhesion molecules of different specificity (for a review, see Edelman, 1983) . The earliest of these to be identified unequivocally was the neural cell adhesion molecule (N-CAM), which mediates neuron-neuron interaction throughout the nervous system (Brackenbury et al., 1977; Rutishauser et al., 1978) as well as neuron-myotube interactions (Grumet et al., 1982) . Alteration in N-CAM expression has also been found to be associated with neural induction and secondary inductions in embryogenesis; during these events N-CAM and another adhesion molecule originally isolated from liver (L-CAM) undergo major changes in prevalence at the cell surface (Thiery et al., 1982; Edelman et al., 1983) . At later 1 We thank Ms. Alison Schroeder and Ms. Susan B. Hyman for excellent technical assistance. We are grateful to Dr. W. Einar Gall and Dr. George N. Reeke, Jr. for their help with densitometric gel scans. This work was supported by United States Public Health Service Grants HD-16550, HD-09635, and AI-11378.
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embryonic periods, N-CAM is involved in major histogenetic shaping in the nervous system (see, for example, Buskirk et al., 1980) . Recently, another cell adhesion molecule, Ng-CAM, that is involved in neuron-glia interaction, has also been identified (Grumet et al., 1984) . All of this work suggests that these cell adhesion molecules may play major roles in embryonic development by means of cell surface modulations (Edelman, 1983 ) and controlled interactions.
Different chemical forms of N-CAM have been found in embryonic and adult chicken brains (Rothbard et al., 1982) . N-CAM purified from embryonic brains (embryonic or E form) has a high content of sialic acid (30 gm/lOO gm of polypeptide) and migrates as a broad diffuse band of M, = 180,000 to 250,000 in sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (Hoffman et al., 1982) . In contrast, N-CAM from adult brains' (adult or A forms) has only one third this amount of sialic acid and migrates as two distinct electrophoretic bands of M, = 180,000 and 150,000. The mouse brain also contains N-CAM and displays E and A forms Rougon et al., 1982) which apThe Journal of Neuroscience Alterations in N-CAM during Development 2355 peared as three distinct bands of M, = 180,000, 140,000, and 120,000 in electrophoretic gels. We refer to this age-dependent change of N-CAM from the embryonic form to the adult forms as E+A conversion .
The full functional significance and mechanism of the E-A conversion in vivo are not yet understood.
In the charge perturbation model of N-CAM binding (Edelman, 1983) , it was suggested that the sialic acid-rich sugar moiety may perturb the homophilic binding of N-CAMS on adherent cells via repulsion, induction of conformational change, or redistribution of molecules on the cell surface. E+A conversion, which removes large amounts of sialic acid, would thus be expected to lead to an enhancement of CAM-CAM binding. A failure in E-+A conversion in vivo might therefore lead to a failure in the formation or stabilization of appropriate neural connections. In staggerer mutants of mice, E+A conversion of N-CAM is delayed in the cerebellum , raising the possibility that some of the histogenetic defects in the cerebellum of such animals might be related to a failure to produce the A forms of N-CAM at the proper time. This interpretation is further supported by recent experiments using reconstituted vesicles containing only purified N-CAMS and lipids: the vesicles containing the A forms of N-CAM aggregated 4-fold more rapidly than the vesicles containing the E form of N-CAM.
Moreover, vesicles containing twice the amount of N-CAM aggregated with a 30-fold increase in rate (Hoffman and Edelman, 1983) . These data suggest that differences in adhesivity in vivo and consequent effects on neural patterning could be produced by means of quantitative and qualitative modulation of N-CAM at the cell surface. In order to lay a foundation for further assessment of the in vivo role of alterations of N-CAM, we have analyzed the time course of E-+A conversion as well as the changes in N-CAM concentration in the whole brain and in different neural regions. Because the brain is composed of different neuronal populations, it is conceivable that the rates of E+A conversion, the time course of changes in concentration, and the proportions of the forms of N-CAM may differ in various neural regions. Previous observations have shown that the relative rates of conversion differ in three brain regions in the order: cerebellum > parietal cortex > hippocampus.
In the present investigation, we have examined in much greater detail the forms of N-CAM that are present during mouse, rat, and chick development in a large variety of neural regions, using rabbit anti-N-CAM antibodies and a monoclonal antibody (MAb) 15G8 which is specific for the E form of N-CAM . Quantitation of the N-CAM present in various neural tissues has also been carried out. The combined data indicate that there are significant variations in both the amounts and the forms of N-CAM from various neural regions as well as during different developmental stages. (Bradford, 1976) with protein standards adjusted to contain the same amount of Nonidet P40 as the samples. These lysates were then used for gel electrophoresis and for quantification of N-CAM.
Materials
Immunoblots. The antibodies used in this study were produced as described previously 100,000 to 250,000 were cut out and counted in a gamma counter for 10 min. A similar portion of nitrocellulose paper from the same gel blot was counted to represent the background. The densitometric scans were performed and analyzed as described previously . N-CAM standards were carried in the same gel as the tissue lysates.
ELISA was performed by incubating N-CAM or tissue lysates in 50 ~1 of buffer A (PBS, 0.5% Nonidet P40, and 1 mg/ml of bovine serum albumin) with 96-well polyvinyl plates. The incubation was performed at 37°C until the plates were dry. The plates were then fixed for 5 min with methanol, dried again, then incubated at room temperature with buffer B (buffer A with bovine serum albumin supplemented up to 10 mg/ml) for 1 hr, followed by the rabbit anti-N-CAM antibody (1 pg in 50 ~1 of buffer B) overnight.
On 
Results
The concentration of N-CAM changes during development and varies among different neural regions. Three methods were used to compare the concentration of N-CAM in various neural regions at different developmental ages. In the first method, the radioactivity associated with N-CAM bands in gel blots was cut out and counted. Immunologically purified N-CAMS of various concentrations were processed in parallel. The resultant counts per minute were plotted against the various concentrations of tissue lysates and N-CAMS separately. These plots formed parallel lines over a wide range (Fig. 1A) . The line for purified N-CAM was then used to calculate the amount of N-CAM in tissue lysates.
The second method employed densitometric scans of autoradiographs obtained from the gel blot. Results of an N-CAM titration curve using this method are shown in Figure 1A . The densitometric values are linearly related to the amount of N-CAM over the range from 50 to 1000 ng of N-CAM; this plot was parallel to the line representing the radioactive counts from the original gel blot. Similar results were obtained when serial dilutions of tissue lysates were used. Therefore, this N-CAM standard curve was also used to calculate the amount of N-CAM in tissue lysates of N-CAM.
The third and most sensitive method was ELISA. To determine a standard curve, various amounts of purified E-form N-CAM were assayed in 2-fold serial dilutions. The amount of enzyme reaction product formed (shown as optical density) was linearly related to the amount of N-CAM over the range from 0.5 to 10 ng of N-CAM (Fig. 1A) . The ELISA method therefore appeared to be approximately 100 times more sensitive than the other two methods. for analyzing the relative proportions of the E form and three A forms of N-CAM. In addition, it required serial dilutions of N-CAM to construct standard curves for every gel. In contrast, the ELISA method was about 100 times more sensitive than the gel blot, allowed analysis of a large number of different samples at the same time, and also permitted triplicate measurements as well as serial dilutions to be carried out with relative ease. Therefore, we used ELISA to determine the concentrations of N-CAM in different tissues at different developmental ages (Table I) Fig. 2A) . (2) A similar variation in N-CAM concentration was observed in most individual neural regions examined, but the times at which the peak concentrations of N-CAM appeared were different: cerebellum was earliest (peak at about 18 days of embryonic life), followed by the whole brain and spinal cord (peak at about 1 day of age), then the tectum and diencephalon (peak at about 7 days of age) ( Table I , Fig. 2A) . (3) A notable exception to this pattern was found for the olfactory bulb, in which the concentration of N-CAM increased at birth and then remained at a high level (3% of the protein in the lysate) even in the adult (Table I, Fig.   2A ).
(4) The concentration of N-CAM in different neural tissues was similar during embryonic development ( Fig. 2A , embryonic day 11, 14, and 18), but began to diverge at approximately the time of birth ( Fig. 2A , Table I ). In the adult, the olfactory bulb contained a relatively high concentration of N-CAM (3.6%), and the spinal cord and trigeminal nerve contained relatively low concentrations (about 0.5%), whereas most other brain regions contained around 1% of the lysate protein as N-CAM (Table I ).
In most of these studies, we analyzed the N-CAM present in total tissue lysates; however, several considerations suggested that most of this N-CAM was derived from the plasma membrane. In previous studies, N-CAM was found to be concentrated at the plasma membrane by immunofluorescence or immunoperoxidase staining methods (Rutishauser et al., 1978) , and this pattern was unchanged Table I ) from lysates of whole brain (0) 2358 Chuong and Edelman Vol. 4, No. 9, Sept. 1984 when the fixed cells were permeabilized prior to staining. In addition, preliminary subcellular fractionation studies indicated that most (>86%) of the N-CAM was in the crude membrane fraction, and very little was found in the soluble fraction. When plasma membrane vesicles were further enriched on sucrose density gradients (as described under "Materials and Methods") and their N-CAM content was measured, the developmental pattern of the N-CAM concentration (nanograms of N-CAM per 100 ng of membrane protein) was similar to that obtained with lysates (Fig. 2B) . Although more detailed studies are needed to confirm the conclusion, the evidence accumulated so far suggests that the results derived from analysis of N-CAM in total lysates largely reflect changes in N-CAM on the plasma membrane.
These quantitative measurements of N-CAM included all forms of N-CAM recognized by the specific polyclonal rabbit anti-N-CAM antibody. Inasmuch as N-CAM exists in embryonic and adult forms, it was important to determine the prevalence of these different forms in each neural region, as well as to compare the time course of E+A conversion with the time course of the changes in N-CAM concentrations.
E-A conversion of N-CAM occurs at different rates in different neural regions. To obtain an average rate of bA conversion, we first analyzed N-CAM from the whole brain at different developmental times by PAGE. This E+A conversion rate was then compared with rates determined in individual neural regions. An analysis of whole brain homogenates of various ages using rabbit anti-N-CAM antibodies is shown in Figure  3A . Before birth, N-CAM appeared as a broad E form band. in PAGE; after birth, three bands of M, = 180,000, 140,000, and 120,000, constituting the A forms of N-CAM, gradually emerged. These A forms of N-CAM persisted throughout adult life without undergoing further changes, even in "old" mice of 2 and 3 years of age. To determine quantitatively the different forms of N-CAM in the gel, the autoradiograph of Figure 3A was scanned densitometrically.
In this case, because changes in the ratios between the E form and the three A forms of N-CAM were of more concern than the absolute amounts, we normalized the area under each tracing to the same value to facilitate comparison.
These normalized tracings showed that N-CAM from embryonic brains migrated as a broad peak around M, = 200,000 constituting the E form. Around birth, three sharp peaks of M, = 180,000,140,000, and 120,000 gradually emerged and increased in amount. By about 21 days of age, N-CAM consisted mainly of material distributed as three sharp peaks constituting the A forms (Fig. 3B) . Thus, in the whole mouse brain, E-+A conversion is a gradual process which starts around birth and is practically complete after 3 weeks. To compare E-A conversion in different neural regions, mouse brains of different ages were dissected into separate parts, and the N-CAM in each region was examined by the immunoblot method. Exemplary analyses of cerebellum and tectum compared with whole brain are shown in Figure 4 . Averaged over the whole brain, N-CAM was present mainly in the E form at 7 days after birth, largely in the A forms with some residual E form at 21 days, and completely in the A forms at 180 days. In contrast, in the cerebellum, the A forms had already appeared by 7 days and conversion was complete by 21 days. Very different results were obtained with tectum: N-CAM was present in the E form at 7 days, remained in the E form at 21 days, and did not appear as three A form bands until adulthood, even at 180 days, a small amount of E form persisted (Fig. 4) .
Comparative densitometric scans of the autoradiographs shown in Figure 4 and of additional neural regions are shown in Age, days 180 Figure 4 . Gel patterns revealing maturation of N-CAM in cerebellum (Cb), whole brain ( WB), and tectum (Tc) shown at three different ages. Extracts were prepared as described for Figure 3A and reacted with rabbit anti-N-CAM antibodies. Ages were expressed as days after birth. Note that the relative E&A conversion rates among these three regions are: cerebellum > whole brain > tectum. regions are best seen by comparing the tracings of N-CAM from 21-day-old animals. The tracings are arranged in decreasing order of their apparent rates of conversion: N-CAM in the whole brain at this age consisted largely of the three A form bands; although the cerebral cortex had a similar pattern, N-CAMS from retina, cerebellum, and spinal cord were more completely converted to the A forms by 21 days. In contrast, hippocampus, olfactory bulb, diencephalon, and tectum each still contained larger amounts of the E form of N-CAM at 21 days. In the adult (180 days), the N-CAMS present in most regions appeared as three peaks representing A forms, except in the diencephalon and tectum which still retained some of the E form, as evidenced by the asymmetry of the large M, = 180,000 peak. Quantitative measurements made by Gaussian curve simulations of the three major A form peaks clearly revealed the presence of different amounts of the A forms (Table II) . It should be noted that only in the retina does the conversion appear complete by this criterion.
Of all the tissues examined, E-A conversion was most rapid in dorsal root ganglia. In the 15-day embryonic dorsal root ganglia, N-CAM existed largely in the E form with small amounts of A forms. It was striking to observe that at 1 day after birth, when all other brain regions still expressed the E form of N-CAM (for an example, see the whole brain in Fig.  3 ), the N-CAM in dorsal root ganglia already consisted almost entirely of the A forms (see also the comparison with spinal cord described later in Fig. 8B ).
In addition to mouse brains, rat and chicken brains were also examined for the rates of E-+A conversion in different regions. In the rat, the relative rates and time courses were very similar to those found in the mouse. Relative differences in E+A conversion rates were also observed in the chicken: spinal cord and retina (mostly converted around the 15th embryonic day) were faster than forebrain (converted around the first week after birth), which in turn preceded tectum (still largely E form at 2 weeks after birth). All of these observations indicate that, in the several species studied, E-A conversion does not occur Differences in E-A conversion rates are also detected by a monoclonal antibody specific for the E form of N-CAM. MAb 15G8 reacts with embryonic N-CAM but not with neuraminidase-treated N-CAM , suggesting that sialic acid may be part of or may affect the antigenic determinant recognized by this antibody.
Because the E form of N-CAM contains 3 times as much sialic acid as N-CAM isolated from adult brains (Rothbard et al., 1982) , it was of particular interest to compare the binding of MAb 15G8 to embryonic and adult N-CAM.
When MAb 15G8 was reacted with whole brain homogenates (Fig. 6A) , it bound to the embryonic form of N-CAM. When extracts from progressively older mice were used, binding of MAb 15G8 gradually decreased and no binding was observed to the N-CAM from adult brains. The loss of MAb 15G8 binding closely paralleled the previously observed change in the forms of N-CAM ( Fig. 3 ; Edelman and Chuong, 1982) . Taken together, these experiments imply that the binding of MAb 15G8 requires the presence of a sialic acid containing moiety specific to the E form of N-CAM. This result also suggests that the decrease in binding of MAb 15G8 can serve as an independent criterion to assess the rate of E+A conversion.
When MAb 15G8 was reacted with extracts from separate brain regions, N-CAM in certain regions of the adult brain, such as the diencephalon, bound a small amount of MAb 15G8 (Fig. 6A) . The densitometric scan of the autoradiograph shown in Figure 6B clearly illustrates the gradual decrease in binding of MAb 15G8 to N-CAM obtained from the whole brain, as well as the persistent MAb 15G8 binding to N-CAM from diencephalon.
This result also supports the notion that the asymmetric n/i, = 180,000 peak found in the adult diencephalon (Fig. 5 ) reflects the presence of the E form of N-CAM at the high molecular weight side of the peak.
Comparison of data in Tables II and III indicates that not all of the embryonic N-CAM is reactive with MAb 15G8. The fraction of total N-CAM to which MAb 15G8 can bind was highest in the near-term embryonic brains (about 50%, determined either by counting the gel blot as described in the legend to Table III or by immunoprecipitation as described in Edelman and Chuong, 1982) but decreased when the brain matured. As expected, this decrease also occurred at different rates in different brain regions (Table III) . In most brain regions, binding was lost during the first month after birth; however, in diencephalon, tectum, and olfactory bulb, a small but significant amount of MAb 15G8 binding persisted even in the adult mouse.
In assessing all of the comparisons made so far, a technical point is worthy of mention. When the lysates from the whole brain were analyzed, the results represented averages over large cellular populations of different composition and size. Because we used the same amount of lysate proteins for each analysis, the results obtained from the whole brain were more similar to those of the larger cellular populations, such as cerebral cortex. When a small brain area such as the tectum was analyzed, the result reflected the particular composition of that smaller cellular population.
It is therefore not surprising that the amount of E-form N-CAM present in a smaller region like the diencephalon was not detected when preparations from the whole brain were used.
The results obtained by the two independent criteria described above demonstrate unequivocally that there are differences in the relative rates of E+A conversion in different brain regions. To facilitate comparison, a "conversion index" in which the two criteria were equally weighted was devised to summarize all of the results (Table IV) . The existence of these differences prompted us to search for salient differences in particular . Forms of N-CAM present in different neural regions taken from 21-and 180-day-old mice. Extracts were prepared as described for Figure 1A and reacted with rabbit anti-N-CAM. The neural regions examined are designated in the figure. The resulting autoradiographs were then scanned and the densitometric tracings shown as described for Figure 3B . Whole brain is shown for comparison; different neural regions are listed according to their E&A conversion rates (faster toward the left side and slower toward the right side). For purposes of comparison, the total area under each tracing was normalized to the same value.
The Journal of Neuroscience Alterations in N-CAM during Development 2361 pathways, for cephalocaudal conversion gradients within regions, and for possible qualitative alterations of N-CAM in different regions. We first turned our attention to regions where specific mapping patterns were well established, such as the retinotectal projection. E+A conversion of N-CAM in the retina of the mouse and chick is much faster than in the optic tectum. Mouse tectum, which includes the superior and inferior colliculi, expressed a relatively large amount of the E form of N-CAM at 21 days of age (see Tables II and III) ; in contrast, N-CAM in the mouse retina converted at a much faster rate (Tables II and III) and already expressed the A forms of N-CAM at 14 days after birth. In order to compare the relative E+A conversion rates of retina and optic tectum in detail, we turned to the chicken for practical reasons dictated by tissue size. Lysates of retinas and optic tecta from 6-day (Hamburger and Hamilton stage 29) . lo-day (stage 36), and Xi-day (stage 41) chick embryos and from 7-day-old newborn chickens were reacted with rabbit antichicken N-CAM and MAb 15G8. In the retina, the E form of N-CAM was steadily converted to the A forms of N-CAM during the period between 6 embryonic days (39% A forms, using the Gaussian curve simulation) and 7 days after birth (61% A forms) (Fig. 7) . Comparable results were obtained in the mouse optic tectum: the E form of N-CAM was present throughout embryonic development and up to 7 days after birth, when some A forms (33%) started to appear and coexisted with the E form of N-CAM (Fig. 5) .
In the chick, similar results were also obtained using MAb 15G8. The fraction of N-CAM that reacted with MAb 15G8 in A, The samples were prepared as described for Figure 1A . except the antibodv used was MAb 15G8. Vol. 4, No. 9, Sept. 1984 during the corresponding period. Therefore, both of our criteria indicated that E-A conversion of N-CAM in chick retina occurred much more rapidly than in the optic tectum.
To determine whether there is a gradient in the rates of E+A conversion within the retinas or tecta, we dissected 9-day and 15-day chicken embryo retinas into anterior, posterior, dorsal, and ventral portions and examined the forms of N-CAM in each region. No differences among the regions were detected either by the rabbit anti-N-CAM antibody or by MAb 15G8 using the methods described above. Tecta from lo-day and 15.day chicken embryos and 7-day-old newborn chickens were also dissected into five approximately equal portions either along the anterior-posterior axis or the medial-lateral axis of tectum. Again, no apparent difference in E+A conversion rates of N-CAM were detected. However, for both retinas and tecta, we cannot exclude the possibility that some difference might exist at finer levels of resolution or along different axes. The anatomy of the spinal cord and the chains of dorsal root ganglia provided a good opportunity to look for other possible gradients of E+A conversion within particular neural regions.
Maturation gradients of N-CAM are detectable in mouse spinal cord and in chains of dorsal root ganglia. Spinal cords from 15-day embryos and from l-, lo-, and 15-day-old mice were dissected into cervical (C2,C3), thoracic (T9,TlO), and lumbar regions (L4,L5), and the forms of N-CAMS at each level were examined.
In 15-day embryonic spinal cords, N-CAM was present as a broad diffuse peak with no apparent differences between the cervical, thoracic, and lumbar cords. One day after birth, in the cervical cord, the M, = 180,000 peak began to emerge out of the broad peak (Fig. 8A ) and the total A form area was 34% (Table V) ; both the thoracic and lumbar cords still contained broad E form peaks (28% A forms), and the binding of MAb 15G8 was 1.6 times that of the cervical cord. At 10 days after birth, in the cervical cord, the A form peaks were higher (53% A forms); in the thoracic cord, the M, = 180,000 peak had just started to emerge; and in the lumbar cord, N-CAM still remained mainly in the E form (Fig. 8A , Table V ). At 15 days of age, the E-A conversion was nearly complete in the cervical cord and was partially complete in the thoracic cord (Fig. 8A, Table V) ; in the lumbar cord, the A form peaks were just appearing, and binding of MAb 15G8 was 2 times that of the cervical cord. Dorsal root ganglia from cervical (C2,C3), thoracic (T9,TlO), and lumbar (L4,L5) regions were also examined.
In 15-day mouse embryos, the N-CAMS in all three regions were largely in the E form, with no apparent differences between regions. In l-day-old mice, the N-CAM in cervical and thoracic ganglia had already converted into the A forms (Fig. 8B, Table V ), but the lumbar ganglia still retained some broad E form peak together with the three A form peaks (Fig. 8B, Table V ). In the adult, dorsal root ganglia from all three regions expressed the three A forms of N-CAM. Therefore, there is a cephalocaudal maturation gradient of N-CAM in both dorsal root ganglia and the spinal cord, this gradient was definite but not steep.
These observations prompted us to look for other differences in the conversion rate of N-CAM within the same neural Age is shown in days. A, Spinal cord. At embryonic day 15, N-CAM patterns in cervical, thoracic, and lumbar regions are similar; at 1 day after birth, N-CAM in the cervical region starts to convert to the A forms but remains the same in the thoracic and lumbar region. At 10 days of age, N-CAMS in the cervical cord have converted toward the A forms; N-CAM in the thoracic cord has started to convert, but the lumbar cord retains mainly the E form. At 15 days of age, N-CAMS at all three levels are in the middle of E+A conversion, but the order is still cervical > thoracic > lumbar. B, Dorsal root ganglia. At 1 day after birth, N-CAMS in the cervical and thoracic level of ganglia have already largely converted to the A forms. In the lumbar ganglia, N-CAM remains in the E form, as indicated by the broad peaks to the left of the M, = 180,000 peak and in between the two A form peaks of M, = 180,000 and 140,000. In both spinal cord and dorsal root ganglia, the relative conversion rates of N-CAM are cervical > thoracic > lumbar. Figure 8 using Gaussian curve simulation (Edelman and Chuong, 19821. sected into flocculus (archicerebellum), culmen (paleocerebellum), and the remaining neocerebellum. All three areas contained the A forms of N-CAM without apparent difference.
Differences in antigenic determinants
of N-CAMS from different tissues are detected by two independent monoclonal antibodies. A survey of several monoclonal antibodies revealed that MAb 9Ell bound only to N-CAMS present in some adult neural tissues. Rabbit anti-N-CAM recognized N-CAMS present in all neural regions examined, including the olfactory mucosa, pyriform cortex, parietal cortex, cerebellum, and spinal cord (Fig.  9) . In contrast, MAb 9Ell failed to recognize N-CAMS present in the olfactory mucosa and adult cerebellum but did precipitate N-CAMS from pyriform, parietal cortex, and, to a lesser extent, 2364 Chuong and Edelman Vol. 4, No. 9, Sept. 1984 spinal cord (Fig. 9 ) and olfactory bulb (not shown). This variation is particularly intriguing, because MAb 9Ell did bind to the E form of N-CAM from embryonic cerebellum. It should be noted that, although the antigenic determinant that binds MAb 9Ell
has not yet been defined, it differs from that recognized by MAb 15G8 in that it does not involve the sialic acid moiety.
We have shown previously that in mouse cerebellum, the loss of MAb 9Ell binding occurred during the first 3 weeks after birth . The present results therefore indicate that, in addition to the loss of sialic acid, the E+ A conversion process in cerebellum is accompanied by the loss of the antigenic determinant recognized by MAb 9Ell. The absence of this determinant in adult cerebellum is unlikely to be the result of degradation during sample preparation because control experiments had been carried out, in which iz51-labeled extract from the parietal cortex was incubated with unlabeled cerebellar extract, and iz51-labeled cerebellar extract was incubated with unlabeled parietal cortex extract, before processing for immunoprecipitation.
These mixing experiments did not lead to any change in the differential binding characteristics of the ['251 ]N-CAM with MAb 9Ell. Another difference in the antigenic determinants of N-CAM from different sources was recognized by monoclonal anti-(N-CAM) No. 5. MAb No. 5 binds to N-CAM purified from brains; but when embryonic muscle was tested, the muscle N-CAM that was immunoprecipitated by rabbit anti-N-CAM or MAb 15G8 was not recognized by MAb No. 5. These studies lead to the conclusion that there are subtle differences in the conformation or antigenic determinants of N-CAMS from different neural regions. Although the basis for these differences remains to be determined, we were impelled by these results to look for further local differences in N-CAM expression.
The ratios of the three A form peaks are different in some neural tissues. Another significant variation in N-CAM expression found was a difference in the ratios between the three A forms in certain neural tissues. As shown in the gel scan of N-CAM from the whole brain (Fig. lo) (Fig. lo) , whereas the M, = 120,000 component was more apparent in N-CAM from spinal cord (Fig. 10) and brainstem (not shown). Comparison of N-CAMS from the olfactory mucosa and olfactory bulb of the rat revealed that the M, = 180,000 components were also dominant. Moreover, characteristic A forms of N-CAM were also detected in the following neural or neurally related tissues of adult mice: pituitary gland (dominant Mr = 140,000 component), trigeminal nerve (all three A forms, but relatively more of the M, = 140,000 and 120,000 components), and adrenal gland (all three A forms).
Although the possibility that the lower molecular weight A form bands are proteolytic fragments of higher molecular weight bands cannot be rigorously excluded, this appeared unlikely because similar patterns were obtained when tissues were homogenized immediately in boiling 1% SDS buffer. Moreover, when the lysates from olfactory bulb (which contained mainly the M, = 180,000 component) and spinal cord (which contained mainly the M, = 120,000 component) were mixed in different proportions during sample preparation, the results (Fig. 11 , solid lines) were very similar to the expected values mathematically derived (Fig. 11, dashed lines) . This suggests that the spinal cord extracts had no effect in converting the M, = 180,000 form into the M, = 120,000 form during sample preparation.
It seems likely that the observed differences in N-CAM represent true physiological modifications of N-CAM expression in different neural regions, possibly reflective of different cellular populations or of variant schedules of differentiation.
Discussion
Although previous work has demonstrated that N-CAM is present in different forms in embryonic and adult brains of chickens (Rothbard et al., 1982) and mice , many basic parameters of the developmental regulation of N-CAM remained to be determined. In particular, the functional significance of E-A conversion in uivo remained to be explored. To clarify these issues, we conducted the present 1, !,\ 180140120 Figure   IO . The relative proportions of the three A farms (components of M, = 180,000, 140, 000 and 120,000) in different neural regions of adult mouse. Extracts from the whole adult brain, olfactory mucosa, olfactory bulb, and spinal cord were prepared as described for Figure 3A and reacted with rabbit anti-N-CAM. The resultant autoradiograph was scanned and the densitometric tracings were prepared as described for Figure 3B . For purposes of comparison, the areas under each tracing were normalized to the same value. The three A form peaks were simulated with Gaussian curves , and the ratios of the three areas under each of the simulated curves are shown near the tip of each peak. Note that N-CAMS in the whole brain have an average pattern shared by most other neural regions. While N-CAMS in the olfactory mucosa and bulb have a dominant M, = 180,000 peak, at the other extreme, N-CAMS in the spinal cord have a dominant M, = 120,000 peak. it gradually increased during the embryonic period, reached a peak in the perinatal period, and gradually decreased by 21 days of age to reach a level that remained constant throughout adult life. The time at which the peak occurred was different in different neural tissues: early in the spinal cord and cerebellum, for example, but late in the tectum and diencephalon.
The relative concentration of N-CAM in different neural tissues in the adult was also found to differ: it was high in the olfactory bulb but low in the trigeminal nerve and spinal cord. (2) E+A conversion of N-CAM was a gradual process, occurring largely in the first three postnatal weeks in the whole brain of the mouse. When different neural regions were examined separately, the conversion rates were found to be different: rapid in the dorsal root ganglia, retina, cerebellum, and spinal cord, but slow in the tectum and diencephalon.
(3) A moderate but definite cephalocaudal maturation gradient was found in the EdA conversion of the spinal cord and the dorsal root ganglia. There was no detectable conversion gradient detected within portions of the retina and tectum. (4) Differences in antigenic determinants were detected in the N-CAM present in different tissues by the use of monoclonal antibodies. MAb 9Ell bound N-CAMS present in most brain regions but not N-CAMS in olfactory mucosa, olfactory bulb, and cerebellum; MAb No. 5 recognized N-CAMS from most brain regions but did not bind N-CAMS from muscle. (5) Different ratios of the three A form bands were detected in some regions of the advlt brain. Olfactory mucosa and olfactory bulb primarily contained the M, = 180,000 band; spinal cord displayed primarily the M, = 120,000 band.
Before considering the biological implications of these findings, several technical constraints deserve mention. Given the histological complexity of the brain, it is clear that the amount and forms of N-CAM determined for a given neural region represent averages of values from tissue containing different amounts and types of neuronal cells and glial cells. In a lysate containing the E form and the three A forms of N-CAM, it is possible that each of these components may be present in only one neuronal type, or only on certain parts of neuronal membranes such as dendrites, growth cones, or synapses. Further examination of N-CAMS with monoclonal antibodies to stain brain sections will be necessary to resolve this issue.
In the quantitation of N-CAM, the differences in N-CAMS demonstrated in this study (e.g., differential binding capacity for MAb 9Ell) prompted us to use rabbit polyclonal antibodies instead of monoclonal antibodies to ensure detection of all species of N-CAM.
The E-A conversion of N-CAM added another dimension of complexity.
It was impractical to determine standard curves with mixtures of the E and A forms of N-CAM that would correspond to each individual age. We therefore used the embryonic form of N-CAM (purified from perinatal whole brain) as the basis of one standard curve used for all ages in this study. Moreover, the purified N-CAM might have changed conformation with alteration of some antigenic determinants during purification, giving an apparently higher estimation of the amount of N-CAM in lysates. While the absolute values calculated here might therefore have some intrinsic biases, the relative differences in N-CAM concentration among different ages and regions should nonetheless remain the same.
It is also important to note that, because of the small size of the dissected neural regions, detergent extracts from whole tissue rather than plasma membrane fractions were used in most of these studies. Therefore, in addition to N-CAM on the cell surface, our measurements include N-CAM that isJeing synthesized or transported in the cytoplasm. Despite this fact, however, when membrane fractions purified from the whole brain by sucrose density gradients were analyzed, the changing profile of concentration of N-CAM followed a similar pattern as that determined with total lysates (Fig. 2) . Moreover, immunocytochemical localization of N-CAM revealed that most of the N-CAM is on the cell membrane. These data suggested that the results obtained with total lysates were mainly representative of cell surface N-CAM.
Having considered these technical points, we now turn to the possible mechanism and significance of the alterations of N-CAM found in this study. The change in N-CAM concentration in various neural regions during development could be interpreted in several ways. It might result from changes in the cellular composition of the tissue. For example, the increases of N-CAM concentration around birth could be due to massive outgrowth of neurites or to a differential increase of N-CAM in only some regions of cellular contacts (e.g., the growth cone). Similarly, decreases in the N-CAM concentration could result from the decrease in number of neurites known to occur in development (Purves and Lichtman, 1980) , or from the increase of glial cells which could dilute the proportion of neuronal cells. Alternatively, the changes could reflect alterations in the rate of synthesis of N-CAM which might occur during neuronal differentiation.
In order to assess the relative contributions of these variables, it will be necessary to carry out quantitative electron microscopic studies to determine whether the amount of N-CAM per unit cell surface area is constant and uniformly
